STAT3 can be transcriptionally activated by phosphorylation of its tyrosine 705 or serine 727 residue. In mouse embryonic stem (mES) cells, LIF signaling maintains pluripotency by inducing JAKmediated phosphorylation of STAT3 Y705 (pY705). However, the function of phosphorylated S727 (pS727) in mES cells remains unclear. In this study, we examined the roles of STAT3 pY705 and pS727 in regulating mES cell identities, using a small moleculebased system to post-translationally modulate the quantity of transgenic STAT3 in STAT3 -/-mES cells. We demonstrated that pY705 is absolutely required for STAT3-mediated mES cell self-renewal, while pS727 is dispensable, serving only to promote proliferation and optimal pluripotency. S727 phosphorylation is regulated directly by FGF/Erk signaling and crucial in the transition of mES cells from pluripotency to neuronal commitment. Loss of S727 phosphorylation resulted in significantly reduced neuronal differentiation potential, which could be recovered by a S727 phosphorylation mimic. Moreover, loss of pS727 sufficed LIF to reprogram epiblast stem cells to naïve pluripotency, suggesting a dynamic equilibrium of STAT3 pY705 and pS727 in the control of mES cell fate.
INTRODUCTION
The signal transducer and activator of transcription 3 (STAT3) functions in various cytokine-driven signaling pathways [1] . Cytoplasmic STAT3 monomers dimerize when phosphorylated at tyrosine 705 (Y705) by Janus kinases (JAKs) associated with cytokinestimulated receptors, and then translocate to the nucleus, where the homodimers activate target gene transcription. STAT3 can also be phosphorylated at serine 727 (S727) by members of the mitogen-activated protein kinases (MAPK) and c-Jun N-terminal kinase (JNK) families [2] . While phosphorylated Y705 (pY705) is generally believed to be essential for STAT3's transcriptional activity, the function of phosphorylated S727 (pS727) remains controversial, as this modification has been reported to have both down-and up-regulatory effects on STAT3's transcriptional activity [3] [4] [5] [6] .
In general, STAT3 activation is associated with proliferation, inhibition of apoptosis and cellular transformation [7, 8] . However, activation of STAT3 also suppresses tumor growth [9] and induces differentiation and apoptosis in some contexts [10] [11] [12] . The mechanisms underlying STAT3's diverse and sometimes opposing roles are still largely unknown. It is assumed that STAT3 recruits specific co-activators and activates distinct gene expression programs based on the genetic background, type and developmental stage of the cell [13] . This hypothesis raises an interesting issue of whether STAT3 pY705 and pS727 play a role in this process, considering their significance in STAT3-mediated control of gene transcription.
STAT3 plays an indispensable role in leukemia inhibitory factor (LIF)-mediated mouse embryonic stem (mES) cell self-renewal. LIF treatment results in activation of the JAK/STAT3 pathway and subsequently the expression of pluripotency genes [14, 15] . Recently, we developed a new culture medium that sustains mES cell self-renewal by circumventing the otherwise obligatory LIF/ STAT3 pathway [16] . This medium contains N2B27 and two inhibitory small molecules (2i): PD0325901 (PD) and CHIR99021 (CHIR), which specifically block MAPK and glycogen synthase kinase 3 (GSK3) pathways, respectively. Using the N2B27+2i system, we were able to establish a STAT3
̶ / ̶ mES cell line [16, 17] , which allows fine manipulation of STAT3 signaling and therefore provides a unique and powerful tool for investigating how STAT3 functions in mES cells.
Phosphorylation of Y705 is believed to be the key event in the transcriptional activation of STAT3. Phosphorylation of S727, however, has not been functionally linked to STAT3-mediated mES cell fate determination. In the present study, we sought to define the exact role of STAT3 phosphorylation in mES cell self-renewal and differentiation. By studying the function of various STAT3 mutants in STAT3 ̶ / ̶ mES cells, we demonstrated unambiguously that Y705 and S727 differentially regulate mES cell fates in a phosphorylation-dependent manner.
MATERIALS AND METHODS mES cell culture. 46C ES cells, R1 ES cells and STAT3
̶ / ̶ mES cells were cultured on plates precoated with 0.1% gelatin or mitotically inactive mouse embryonic fibroblasts (MEFs). 46C ES cells and R1 ES cells were grown in Glasgow Minimum Essential Medium (GMEM, Sigma) supplemented with 10% Fetal bovine serum (FBS, Hyclone), 2 mM L-glutamine (Gibco), 0.1 mM non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 0.1 mM β-mercaptoethanol (a formulation hereinafter referred to as "mES medium"), and 1000 Units/ml murine LIF (Stemgent). STAT3
̶ / ̶ mES cells were grown in N2B27 medium supplemented with 3 µM CHIR99021 and 1 µM PD0325901 as previously described [18] . CHIR99021 and PD0325901 were synthesized in the Division of Signal Transduction Therapy, University of Dundee, UK. C-myc inhibitor 10058-F4 was purchased from EMD Millipore and used at concentration of 50 µM.
Transgenesis of STAT3 mutant cell lines.
Various STAT3 mutant genes were generated using the QuikChange® Site-Directed. Mutagenesis Kit according to manufacturer's instructions (Stratagene), and fused with the destabilizing domain (DD) at the STAT3 Nterminus. The DD-STAT3 mutants were then cloned into a CAG-ires-puro vector between the XhoI and NotI sites (Supporting Information Fig.  S1C ). Plasmids were electroporated into STAT3 ̶ / ̶ mES cells. Transfected STAT3 ̶ / ̶ mES cells were plated onto drug-resistant DR4 feeder cells [19] , and allowed to propagate for two days before puromycin (1 µg/ml, Invitrogen) selection was initiated. Positive clones were expanded and transgene expression was confirmed by western blotting. Mutant cell lines were routinely maintained in N2B27+2i medium. For c-myc over-expression, the coding region of c-myc was cloned and inserted into the PiggyBac expression vector, which was later transfected together with transposase vector into STAT3 ̶ / ̶ + DD-STAT3-S727A cells.
Protein and RNA analysis. For protein analysis, cell lysis buffer was prepared by adding 50 µl of β-mercaptoethanol to 950 µl of Laemmli Sample Buffer (BioRad) and 1000 µl of water. Cells were washed with PBS and lysed in the culture wells. Samples were collected and heated to 95 °C before being subjected to electrophoresis on BioRad Tris-HCl precast gels. Electrotransfer to PVDF membranes was performed and blots were probed with primary antibodies overnight at 4 °C, and then for 1 hour at room temperature with appropriate secondary antibodies. Pierce ECL Western Blotting Substrate was used to detect the signal. The primary antibodies used include STAT3 (1:2000, BD Biosciences), P-STAT3-Y705 (1:2000, Cell Signaling), P-STAT3-S727 (1:2000, BD Biosciences), c-myc (1:500, Calbiochem), α-Tubulin (1:4000, Invitrogen), Oct4 (1:3000, Santa Cruz), Sox2 (1:1000, Santa Cruz), Klf4 (1:1000, R&D Systems), and Nanog (1;1000, R&D Systems). For RNA analysis, total RNA was isolated using the RNeasy Mini Kit (Qiagen), and 1 µg of the corresponding RNA yield was used to synthesize cDNA (QuantiTect Transcription Kit, Qiagen). The quantitative real-time PCR mixtures were prepared using SYBR Green PCR Master Mix and run on an ABI7900HT Fast Real-Time PCR System (Applied Biosystems). RT-PCR was carried out by using the Paq5000 DNA polymerase (Agilent). Relative expression levels of pertinent genes were analyzed and normalized against gapdh.
Self-renewal assays. To determine the selfrenewal potential of STAT3 mutant cell lines, we plated cells in 12-well plates at a density of 1000 cells/well and cultured them in N2B27+2i medium overnight. Different culture conditions were applied the next day. After 7 days, cells were washed, fixed and stained for alkaline phosphatase (AP) activity in accordance with manufacturer's instructions (Sigma). Each treatment was performed in triplicate. For longterm tests of self-renewal, cells were plated at a density of 1.2 × 10 4 cells/cm 2 in 12-well plates and cultured for at least 6 passages before morphological observation.
Neural differentiation and immunostaining. To induce neural differentiation, we trypsinized, collected by centrifugation, and resuspended 3× 10 6 -5× 10 6 ES cells in 10 ml of mES medium with 1 µM of Shield1 (S1, Clontech). This single-cell suspension was deposited onto a 10 cm non-adhesive bacteriological petri-dish. After 2 days in this condition, cells aggregated in suspension and formed embryoid bodies (EBs). Medium was changed every other day and retinoic acid (RA, sigma) was added to a final concentration of 1 µM for days 4-8. On day 9, EBs were collected and trypsinized into a singlecell suspension, which was plated into 2 wells of a BD Matrigel™ Basement Membrane Matrix (BD Biosciences)-coated 12-well plate and cultured in the mES+S1 condition. Immunostaining was performed according to a standard protocol, using primary antibodies including Nestin (Santa Cruz, 1:200) and Tuj1 (Covance, 1:1000). Alexa Cell proliferation assay. Cells were plated on feeders in 12-well plates at a starting density of 2 × 10 4 cells/well in mES medium supplemented with 1000 U/ml LIF and 1 µM of S1. After 24, 48, 72, or 96 hours, cells were harvested and counted under a microscope. The experiment was performed in quadruplicate and paired student's t tests were used for statistical analysis. Doubling times were calculated by the software available from www.doubling-time.com.
RESULTS

Establishment of an inducible STAT3 expression system in STAT3
-/-mES cells To evaluate the role of STAT3 Y705 and S727 phosphorylation in regulating mES cell selfrenewal, we introduced full-length STAT3 (STAT3-WT), STAT3β (an isoform lacking 55 amino acid residues in the C-terminal domain), STAT3-Y705F (a mutant in which tyrosine 705 is replaced by phenylalanine), and STAT3-S727A (a mutant in which serine 727 is replaced by alanine) transgenes into STAT3 ̶ / ̶ mES cells. Initially, we used the CAG promoter to drive constitutive expression of the transgenes. However, the majority of STAT3 ̶ / ̶ mES cells transfected with STAT3-Y705F vector died soon after the first passage, and the surviving colonies expressed the transgene only weakly (Supporting Information Fig. S1A ), suggesting that STAT3-Y705F has a cytotoxic effect in mES cells. In addition, we found that the expression level of STAT3-WT in STAT3 ̶ / ̶ mES cells greatly exceeded the endogenous level of STAT3 in wild-type 46C ES cells (Supporting Information Fig. S1B ), and that STAT3-WT-expressing STAT3
̶ / ̶ mES cells were able to self-renew in the absence of LIF for several passages. These observations led us to surmise that the phenotypes exhibited by these cell lines might lack physiological relevance. Therefore, we sought to control the expression of the STAT3 mutants to obtain more meaningful data regarding their functions in ES cells.
We next modified the sequences encoding the various STAT3 transgenes (WT, Y705F and S727A) to include an N-terminal destabilizing domain (DD) and introduced those into STAT3 -/-mES cells ( Fig. 1A ; Supporting Information Fig.  S1C ). When expressed in cells, the DD-STAT3 fusion protein was rapidly and constitutively degraded in a proteasome-dependent fashion. Shield1 (S1), a stabilizing ligand, can bind specifically to DD and protect DD-tagged proteins from degradation [20] . This fast-acting regulation allows DD-tagged protein to accumulate within a matter of hours following the addition of S1 and does not disturb gene transcriptional control. Using this system, we established STAT3
̶ / ̶ + DD-STAT3-Y705F mES cell lines that could be maintained in the 2i condition as robustly as other STAT3 transgenic lines (Fig. 1B) . Expression levels were even among different STAT3 mutants, and responded to S1 treatment dose-dependently (Fig. 1C) . Immunofluorescence staining confirmed a stable level of DD-STAT3-Y705F expression in the presence of S1; in its absence, no DD-STAT3-Y705F leak expression was apparent (Supporting Information Fig. S1D ). DD-STAT3-WT was phosphorylated at both S727 and Y705 in LIFstimulated STAT3 ̶ / ̶ + DD-STAT3-WT mES cells, whereas DD-STAT3-Y705F and DD-STAT3-S727A were phosphorylated only at S727 and Y705 sites, respectively, in cells expressing either of the corresponding transgenes, confirming site-specific loss of phosphorylation potential (Supporting Information Fig. S1E ).
STAT3 functions diversely in mES cells via different phosphorylation sites
To investigate the roles of STAT3 S727 and Y705 phosphorylation in mES cell fate regulation, we performed functional rescue assays. Immediately after overnight culture in the N2B27+2i condition, the DD-transgenic STAT3 ̶ / ̶ mES cells were switched to conventional mES medium supplemented with LIF and S1. As expected, STAT3
̶ / ̶ mES cells started to differentiate 3-4 days after the switch to LIF+S1, and gradually died out beginning on day 6 (Supporting Information Fig. S2A ). In contrast, STAT3
̶ / ̶ + DD-STAT3-WT and
mES cells formed colonies that tested positive for alkaline phosphatase (AP) activity when stained 7 days after the switch to LIF+S1 (Fig. 1D ). STAT3
̶ / ̶ + DD-STAT3-Y705F mES cells failed to form AP-positive colonies in LIF+S1 (Fig. 1D) , consistent with previous reports that pY705 is indispensable for STAT3-mediated self-renewal in mES cells [21] . Highly differentiated, morphologically flat colonies consisting of squamous epithelial-type cells predominated among STAT3
̶ / ̶ + DD-STAT3-Y705F mES cells. These cells could not be expanded beyond one passage in the mES+LIF+S1 condition (Fig.  1E) .
A considerable proportion of the STAT3
̶ / ̶ + DD-STAT3-S727A mES cells died within 2 days of being switched to the LIF+S1 condition.
However, surviving colonies were uniformly positive for alkaline phosphatase activity, and could be maintained continuously while retaining an undifferentiated morphology resembling that of the STAT3 ̶ / ̶ + DD-STAT3-WT colonies (Fig. 1D, E) . Previous reports have shown that STAT3 S727 phosphorylation is associated with cell survival and mitogenicity in various tumor and primary cells [22] [23] [24] . Consistent with this, we observed that STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells in LIF+S1 proliferated more slowly than did STAT3
̶ / ̶ + DD-STAT3-WT mES cells, with doubling times of 19.71 and 16.87 hours, respectively (Fig. 1F) . During passaging, STAT3
̶ / ̶ + DD-STAT3-S727A mES cells underwent extensive cell death. In a substrate attachment assay, both STAT3
and STAT3
̶ / ̶ + DD-STAT3-S727A mES cells adhered poorly to gelatin and gave strong apoptotic signals as detected by TUNEL-FITC staining (Fig. 1G, H) , indicating that reduced cell adhesion might be the reason for STAT3
̶ / ̶ + DD-STAT3-S727A mES cell death during passaging in LIF+S1. STAT3
̶ / ̶ + DD-STAT3-WT mES cells attached strongly to gelatin substrate and formed compact colonies, abilities that are hallmarks of the wild-type phenotype and which indicate that the DD-STAT3-WT transgene efficiently rescued the deficiency of the STAT3 ̶ / ̶ mES cells. Together, these results support the notion that pS727 plays an important role in mES cell survival.
Myc is a key transcription factor involved in cell proliferation, cell growth and apoptosis. In mES cells, myc serves as a downstream target of LIF/ STAT3 signaling to promote pluripotency [25, 26] , but does so mostly by stimulating proliferation in a manner independent of the core pluripotency factor network [27] . The impaired proliferation yet efficient self-renewal exhibited by STAT3
̶ / ̶ + DD-STAT3-S727A mES cells prompted us to investigate whether differential expression of myc plays a role in the associated phenotype. Following LIF stimulation of STAT3 ̶ / ̶ + DD-STAT3-WT mES cells, c-myc transcripts were increased 10-fold and n-myc transcripts, 3.5 fold (Fig. 1I) . In contrast, no changes in c-myc or n-myc expression were detected in STAT3 ̶ / ̶ or STAT3 ̶ / ̶ + DD-STAT3-Y705F mES cells. C-myc and n-myc expression in STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells increased only slightly, suggesting compromised myc transactivation. Consistently, we observed that forced expression of c-myc in STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells led to increased proliferation rate, which could be abrogated by treatment with c-myc inhibitor 10058-F4 (Fig. 1J). pY705, but not pS727, is absolutely required for STAT3-mediated mES cell self-renewal We analyzed the expression of core pluripotency factors in different transgenic STAT3
̶ / ̶ mES cells to further clarify the minimal requirement for self-renewal. Oct4 expression was the same among the different transgenic cells cultured in LIF+S1, yet Sox2 and Nanog expression was greatly suppressed in STAT3
̶ / ̶ + DD-STAT3-Y705F mES cells ( Fig. 2A) , which also exhibited significant downregulation of Klf4, a direct STAT3 downstream target gene. STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells showed expression of all core pluripotency factors, but to a much lesser degree than did the STAT3 ̶ / ̶ + DD-STAT3-WT mES cells. The low transcription rate of known STAT3 downstream target genes (socs3, jun, gbx2, fos, klf5 and pim3) in STAT3 ̶ / ̶ + DD-STAT3-S727A cells also indicates that this STAT3 mutant possesses impaired transcriptional activity (Fig. 2B) . These data are consistent with the results of the selfrenewal assays (Fig. 1D, E) , and suggest that pS727 confers optimal mES cell self-renewal by enhancing STAT3 transcriptional activity, but is not essential for minimal pluripotency.
Because pY705 mediates both the dimerization and transcriptional activation of STAT3, we investigated its necessity in each event. Introduction of two cysteines at residues 662 and 664 within the C-terminal loop of the SH2 domain in STAT3 renders it constitutively transcriptionally active (STAT3C) [28] . We introduced a DD-STAT3C transgene into
STAT3
̶ / ̶ mES cells and examined the resultant phenotype. In the presence of S1, STAT3 ̶ / ̶ + DD-STAT3C cells remained in an undifferentiated state over many passages even in the absence of LIF, and exhibited strong activation of all pluripotency genes ( Fig. 2A;  Supporting Information Fig. S2B ). We found that STAT3
̶ / ̶ + DD-STAT3C-Y705F mES cells could be maintained initially in the presence of S1, but died soon after being passaged, indicating a defect in self-renewal capacity (Fig.  2C) . On the contrary, a transgene encoding a phosphomimetic mutation (Y705D) supported self-renewal in STAT3 ̶ / ̶ mES cells (Fig. 2C) . To examine the subcellular localization of DD-STAT3C-Y705F, we performed nuclear fractionation and found that DD-STAT3C-Y705F, unlike DD-STAT3-Y705F, accumulated in the nucleus in the LIF+S1 condition (Fig. 2D) . However, it failed to activate gene transcription, as shown by the quantity of Socs3 transcripts (Fig. 2E) . These results establish that STAT3 pY705 mediates target gene transcription and is absolutely required for STAT3-mediated mES cell self-renewal.
STAT3 S727 phosphorylation promotes neuronal differentiation of mES cells
In mES cells, LIF/STAT3 signaling maintains long-term self-renewal by suppressing spontaneous differentiation. STAT3 also plays important roles in neurogenesis [29] , neural stem cell fate determination [30] , and neural regeneration after injury [31] . We thus examined the ability of the transgenic STAT3 ̶ / ̶ mES cells to undergo differentiation by method of embryoid body (EB) formation. STAT3
̶ / ̶ and STAT3 ̶ / ̶ + DD-STAT3-Y705F mES cells produced massive numbers of neural precursor cells and efficiently differentiated into neurons afterwards. STAT3 ̶ / ̶ + DD-STAT3-WT mES cells initially showed a delay in neural progenitor production, but by day 18 had given rise to about the same number of neurons that STAT3 ̶ / ̶ mES cells had by this day (Fig. 3A) . These observations establish that loss of STAT3 pY705 results in early exit from the pluripotent state but appears to exert no effect on neuronal fate determination. Strikingly, STAT3
̶ / ̶ + DD-STAT3-S727A mES cells gave rise to far fewer neural progenitor cells than did the other transgenic STAT3 ̶ / ̶ mES cell lines. These STAT3 ̶ / ̶ + DD-STAT3-S727A mES cellderived neural progenitors exhibited low expression of the neural stem cell marker Nestin and produced Tuj1-positive neurons only sporadically (Fig. 3A) . We also compared the exact time of induction of neural precursor genes in STAT3 ̶ / ̶ + DD-STAT3-WT and STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells as they underwent differentiation (Fig. 3B) . Starting from day 6 (2 days after addition of retinoic acid, the differentiation-inducing agent), sox1 and nestin mRNA expression was observed in STAT3 ̶ / ̶ + DD-STAT3-WT cells, indicating efficient initiation of neural differentiation. On the other hand, in STAT3 ̶ / ̶ + DD-STAT3-S727A cells, sox1 and nestin expression was not only delayed (occurring at day 8 for sox1 and day 10 for nestin), but also weakened. Additionally, the Oct4 expression level in STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells also suggested impeded differentiation as pluripotent cells were still present at day 12. To further establish a correlation between STAT3 pS727 and mES cell neural differentiation, we used a transgene encoding DD-STAT3-S727D, which contains a phosphomimetic mutation at S727. STAT3
̶ / ̶ + DD-STAT3-S727D mES cells underwent neuronal differentiation more efficiently than did STAT3 ̶ / ̶ + DD-STAT3-S727A mES cells (Fig.  3C, D) .
Loss of STAT3 S727 phosphorylation enables LIF-induced mEpiSC reprogramming Since STAT3
̶ / ̶ + DD-STAT3-S727A mES cells were resistant to neuronal differentiation after LIF withdrawal, we hypothesized that pS727 might play an important role in the mouse epiblast stem cell (mEpiSC) stage, a necessary transition state for mES cells undergoing differentiation. We cultured STAT3 ̶ / ̶ + DD-STAT3 transgenic mES cells in the FGF2/Activin A condition to convert them to mEpiSCs (Fig. 4A) . The cells formed large, flat colonies and expressed a high level of EpiSCspecific marker fgf5, a low level of ES cellspecific marker rex1, and a reduced level of the pluripotency marker Oct4 (Fig. 4B) . We then carried out a serum-free neural induction protocol by exposing monolayer mEpiSCs to N2B27 medium [32] supplemented with S1. Consistent with the observation in Fig. 3A , in STAT3 ̶ / ̶ , STAT3 ̶ / ̶ + DD-STAT3-Y705F, and STAT3 ̶ / ̶ + DD-STAT3-WT mEpiSCs, neurallike cell populations began to emerge on day 6, and were predominant on day 11, whereas STAT3 ̶ / ̶ + DD-STAT3-S727A mEpiSCs remained largely undifferentiated (Fig. 4C,  bottom panel) .
It has been reported that JAK/STAT3 activation can reprogram mEpiSCs to a state of naïve pluripotency [33, 34] . We tested this by culturing STAT3
̶ / ̶ + DD-STAT3 transgenic mEpiSCs under LIF+ N2B27. Interestingly, in this condition, STAT3
, and STAT3 ̶ / ̶ + DD-STAT3-WT mEpiSCs still differentiated into neural progenitor cells, presumably due to the strong neural-inductive effect of N2B27. Only STAT3 ̶ / ̶ + DD-STAT3-S727A mEpiSCs remained undifferentiated (Fig. 4C, top panel) , and gradually regained a mES cell identity as indicated by the increased expression of Rex1 and decreased expression of fgf5 by day 11 (Fig.  4D) . We isolated several colonies from these cells and continued to culture them in this condition. On passage 6, these colonies developed the small, rounded morphology typical of mES cell colonies and exhibited a mES cell-like gene expression pattern (Fig. 4E,  F) . These results suggest that LIF-induced Y705 phosphorylation enables reprogramming of mEpiSCs into a naïve state of pluripotency when S727 phosphorylation is absent.
PD0325901 inhibition of serum-induced S727 phosphorylation prevents mES cell differentiation
Many growth factors and cytokines, including LIF, induce phosphorylation of S727 through different serine-threonine kinases. To identify the kinase(s) responsible for S727 phosphorylation in mES cells, we treated STAT3 ̶ / ̶ + DD-STAT3-WT mES cells with different kinase inhibitors and monitored the changes in pS727. STAT3
̶ / ̶ + DD-STAT3-WT mES cells cultured in serum+LIF for 1h contained a dramatically elevated level of pS727 (Fig. 5A) .
Of the various kinase inhibitors tested, only the Erk1/2 inhibitor PD0325901 effected a reduction in pS727. Noticeably, JAK inhibitor 1, which completely prevented Y705 phosphorylation, had no effect on the level of pS727, suggesting that phosphorylation of Y705 and S727 is regulated via independent mechanisms. Similar results were obtained in the wild-type R1 mES cell line (Supporting Information Fig. S3A) . LIF stimulation activates a number of different signaling molecules, including STAT3, PI3K-Akt and Ras/Erk. To elucidate if LIF contributes to the elevated level of STAT3 pS727, we stimulated cells with either serum or LIF and tested the effect of PD0325901 addition on STAT3 phosphorylation. The addition of PD0325901 effectively inhibited serum-induced phosphorylation of S727, while Y705 phosphorylation was unaffected. In comparison, LIF stimulation led to a significant increase in the level of pY705, but not pS727 and treatment with PD0325901 had no effect ( Fig. 5B ; Supporting Information S3B).
Activation of Erk1/2 signaling leads to mES cell differentiation and its suppression can promote self-renewal [35, 36] . In our system, STAT3
and STAT3
̶ / ̶ + DD-STAT3-Y705F mES cells were able to grow in the mES+LIF+S1+PD0325901 condition. Cultured on feeder layers, they formed flattened, APpositive colonies before eventually differentiating after 3-5 passages (Fig. 5C ). This suggested that PD0325901 could reduce dependence on STAT3 pY705 in the maintenance of pluripotency by blocking S727 phosphorylation.
On the other hand, administration of PD0325901 to STAT3 ̶ / ̶ + STAT3-S727A mES cells cultured in the LIF+S1 condition resulted in improved cell survival and consequently more AP-positive colonies (Fig. 5C ). PD0325901 also augmented Nanog expression in STAT3 ̶ / ̶ + STAT3-S727A mES cells (Fig. 5D) . Therefore, PD0325901 might promote mES cell self-renewal by blocking STAT3 pS727-induced differentiation and strengthening core factor-sustained pluripotency.
DISCUSSION
The LIF/ STAT3 pathway has been shown to play an important role in the pluripotency of mES cells cultured in serum-supplemented medium. In this study we demonstrated, for the first time, the involvement of STAT3 pS727 in regulating the homeostasis of mES cells. Using STAT3
̶ / ̶ mES cells maintained in N2B27+2i, we were able to manipulate the STAT3 signaling pathway and functionally test the phenotypic outcomes by transferring cells to LIF-dependent culture condition. The resulting data suggest the presence of a dynamic equilibrium of STAT3 Y705 and S727 phosphorylation in controlling the stem cell identities (Fig. 6 ).
Foshay and colleagues recently reported that CCE mES cells overexpressing STAT3β, a STAT3 isoform lacking the S727 residue, produced about 40% fewer neural progenitor cells than wild type CCE cells did [37] . In our experiments, we observed a greater reduction of neural differentiation potential in the absence of S727 (Fig. 3) , likely due to lack of endogenous STAT3 in the STAT3 ̶ / ̶ mES cells. Considering that STAT3β was previously described as a dominant-negative regulator in STAT3 transactivation [38] , the decrease in neural differentiation was thus interpreted as evidence of the necessity of STAT3 activity in this process [37] , while leaving any specific contribution from pS727 unexamined. Our results demonstrate that pS727 actually plays a key role in mES cell neural differentiation.
In the absence of other self-renewal inputs, mouse ES cells exit pluripotency after LIF stimulation ceases, and can be directed to a neuroectodermal fate after progressing to the mEpiSC stage. This transition is often considered to be the result of a switch in signaling dependence from LIF to FGF. Consistent with the finding that FGF-induced Erk1/2 activation is required for neural specification and lineage commitment of pluripotent mES cells [39, 40] , our results showed that Erk1/2 is the primary kinase controlling STAT3 S727 phosphorylation in mES cells, thus further demonstrating the association between S727 phosphorylation and mES cell neural differentiation. It has also been suggested that neural induction of ES cells represents a cell-intrinsic fate commitment in a differentiation-permissive culture condition of minimized exogenous signals [41] . This model would seem to account for the observed efficiency with which STAT3
̶ / ̶ mES cells underwent differentiation into neural progenitor cells in our experiments. Our results indicated that neither STAT3 pY705, nor STAT3 itself, was required for the induction of differentiation. However, in ES cells with abundant STAT3 expression, the STAT3 pool needs to be switched from LIF-induced pY705-dominant status to FGF/Erk-induced pS727-dominant status to initiate the differentiation programs, a change that is typically achieved by the removal of supplemental LIF from the culture environment. These findings suggest an underlying mechanism in which LIF signaling and FGF signaling converge on a single molecule, STAT3, to regulate the self-renewal and fate commitment of mES cells.
Previous studies showed that mEpiSCs engineered to induce highly increased, sustained and exclusive activation of JAK/STAT3/pY705 signaling could be reprogrammed back to a state of naïve pluripotency under N2B27 condition. LIF treatment, on the other hand, led only to modest activation of JAK/STAT3, along with MAPK and PI3K pathways, and failed to reprogram mEpiSCs [33, 34] . This was verified by our observation that STAT3 ̶ / ̶ + STAT3-WT mEpiSCs still differentiated in the N2B27+LIF condition. However, loss of STAT3 S727 phosphorylation endowed LIF the capacity to reprogram mEpiSCs to naïve pluripotency, indicating the opposing functions of STAT3 Y705 and S727 in this process. We therefore propose that loss of STAT3 S727 phosphorylation relieves the requirement for hyperactivation of JAK/STAT3/pY705 to overcome the EpiSC reprogramming block.
Mouse ES cells grown in the mES+LIF condition exhibit greater morphological and transcriptional heterogeneity than those grown in the chemically defined N2B27+2i condition. Given that LIF stimulation antagonizes differentiation cues induced by FGF/Erk signaling in the serum condition, phosphorylation of STAT3, which is dynamically regulated by both pathways, might contribute to the population heterogeneity. Moreover, several studies have reported that the expression level of Nanog, in Oct4-positive mES cells, regulates the equilibrium between naïve pluripotency and lineage-primed states [42] [43] [44] . STAT3
̶ / ̶ + STAT3-S727A mES cells showed lower Nanog expression than STAT3 ̶ / ̶ + STAT3-WT mES cells, despite being Oct4-positive and morphologically indistinguishable from those cells. It is thus possible that STAT3 pS727 enables the maximal transcription of pluripotency factors while also preserves susceptibility to differentiation triggers.
CONCLUSION
Our results showed the presence of a shifting equilibrium of STAT3 phosphorylation that controls mES cell fates (Fig. 6) . In an environment conducive to self-renewal (serum medium supplemented with LIF), a high level of STAT3 pY705 is essential to counteract differentiation cues from FGF/Erk signaling; pS727 is dispensable, serving only to promote proliferation and optimal pluripotency. On the other hand, in differentiative culture, a high level of STAT3 pS727 is critical for the initiation of mES cell differentiation and neural commitment, and inhibits JAK/STAT3-pY705-induced reprogramming to naïve pluripotency. 
